HEPES 10 {pH 7.2 285~2%5 mOgm). Ar the end of the recanfing, the colf's content was
aspirated wnder vinml control into the reconding piperte and expelled inlo 2 taxt tube
where reverse ranscriptian was performed in a final volums of 19 pd {ref, 161, We then
performed owo steps of muldplex PCR. The compl y DNAs present in 10 ) of the
foverse srnription ragion and currespending 10 GADES, GADS?Y, ChAT and emke-
phalin were firg amplified Kmultanecowsly using the primer pins previously
dezcribed™*?, Tag polymerase {254, Perkin Elmes.Cetus) 2nd 38 pmal of sach of the
primners ware added b the buffer supplicd by the manufourer {Anal volume, 1004} and
1 cycles (M7C, 205 507C, 305 727C, 35 5) of PUR werw sun, We then carsied out seeond
rounds of PCR using 2l of the first PCR produoy aa template. In this second round, each
<DNA was individually amplified vring its tpesific primer pair by peforming 35 PCR
cycles. We then ran 104 of each individua!l PCR rexction product ona |59 agaress gel
using $x174 digared by Haefll as markers for relative podecular man and suined with
ethidium bromide. Genomic DNA amplifications, which can oeour when the nuckeus is
harvested, can be casily differentated from cDNA amplifications by a size aiterion
indrxd, for cach primer pait, the sanse and antisense primers are pasitianed on twe
different exnng,
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TACI and BGMA are receptors
for a TNF homologue implicated
in B-cell autoimmune disease

Jane A Gross”, Jonot Johnston®, Sherd Mindd*, Racha) Enseiman-,
Stacey R, Dillon*, Karea Maddent, Wenfong Xut, Julla Parish-Hovakt,
Dout Fostert, Catty Eofton-Day$, Margaret Moores, Aflsa Littat,
Angalika Gressmant, Harald Hougent, Kevin Foloy$, Ral Bhumbergs,
Kim Harvison*, Wayns Kindsvogel” & Christopher i Clegy™

Departments of *Immunclogy, t Functional Cloning, 4 in Vive Biology and
§ Generics, ZymoGenetics, 1201 Eoqtlake Avenue East, Seattle, Washingron 98142,
USA

B cells are important in the development of autoimmune dis-
orders by mechanisms invelving disregulated polpclonal B-colt
activation, produrtion of pathogenic antibodies, and co-stimulation
of autoreactive T cells, :TNF4 (BLyS, BAFF, TALL-1, THANK) * is
a meruber of the tumour necrosis factor (TNF) ligand family that
is a potent co-activator of B cells in vitro and in vive'™, Here we
identify two receptors for *TNF4 and demenstrate a relationship
between ZTNF4 and asteimmune discase. Transgenic animals
averexpressing zTNF4 in lymphoid cells develop symptoms
choracteristic of systemic lupus erythoematosus {SLE} and
expand & mre pepulation of splenic B-1a lymphocytes. In
addition, circulating 2TNF4 is more sbundant in NZBWF! and
MRL-Ipr/fipr mice during the onset and progression of SLE. We
have identified two TNF receptor family members, TACT and
BCMA™, that bind 2TNF4 Treatment of NZBWF! mice with
soluble TACI-1g fusion protein inhibits the development of
proteinuria and prolongs survival of the animals. These findings
demonstrate the involvement of ZINF4 and its recepters in the
development of SLE and identify TACI-Ig &s a promising treat-
ment of antoimmune disease in humans,

¥TNF4 was identified in 2 human-granulocyte-derived comple-
mentary DNA Iibrary by homology with ether known TNFligands”,
Soluble recombinant 2TNF4 stimulates proliferation of human B
cells in synergy with other B-cell activators, aupments immuroglo-
buolin production, and upregulates expression of cell-surface mole-
cules invoived in B-czll effecter function (refs 1, 2 and data not
shown). Recent studies demonstrate that expression of BAFE, in the
liver of transgenic mice, results in lymphoid disorders and auto-
immune manesfestations®, We obtained simifar results expressing
ZINF4 in transgenic mice using 2 lymphoid spedific ¥y pmmoler'“
and Ep enhancer! {TNF4-TG). We identified expression of the
transgene in 15 founder animals by polymerase chain reaction with
reverse transcription (RT-PCR) and a zTNF4 enzyme-linked
immunosorbent assay {ELISA} detected ingeased levels of drecuat-
ing zINF4 protein in these animals (data not shown). Flow
cytometric analysis revealed a marked increase in the proportion
and total number of B220" B cells in the spleen and lymph node
relative to controls (g, 1a) and an increased percentage of
syndecan® plasma cells (Fig. Ib). However, there was no apparent
effect of 2TNF4 overexpression on development of B220% 1gM™
progenitor B cells in bone marrow (data not shown}. The totl
number of splenic T cells in the transgenic animals was normal, but
the CD4" and CDB* T-cell populations displayed an activated
phenotype defined by decreased levels of LECAM-1 and increased
CD44 {data not shown).

We analysed the levels of immunogiobulin collected from 15
founders and 9 offspring ranging from 6 1o 23 weeks of age, and
determinad that the amount of both [gM and IgG was elevated at
least threefold in over 50% of the animals tasted (IgM increased
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more than IgG). IgE levels were also increased in 18% of the serum

samples from the TNF4-TG mice {Fig, ic). Significandy, several
older ZINF4-TG animals developed high titres (1:1,600} of anti-
double-stranded (ds} DNA antibodies (Fig. 1¢), proteinuria {data
not shown) and glomerulonephritis (Fig. 1d), suggesting that
unreguiated expression of ZTNF4 can contribute to the develop-
ment of SLE-like symptoms.

Thus, the phenotype of sTNF4-TG mice is similar to that of BAFE

transgenic mice®’, Unlike BAEF transgenic mice, ZTNF4-TG mice
also contained slevated numbers of splenic B-1a cells (CD5*, B22p®
and 1gD™) (Fig. 16}, This B-cell lineage is thought to produce
predaminantly self-reactive IgM antibodies and represents only a
small fraction of splenocytes (0.5%) in normal mice®. We abo
identified a population of CD19" B cells {10-15%) in thymuses

Gom 3 out of 15 2TNF4 founders (Fig. Ib) that may represent
expansion of resident B cells or recirculating peripheral B cells,
B cells were found to accumulate in other tissues including the lung
and smajl intestine (data not shown).

To characterize the association of 2TNF4 with SLE further, we
measured ZTNF4 protein levels in serum from NZBWFL and
MRL-pr/lpr mice. Both mouse strains develop chronic, sponta-
neous autoimmune disease™ As a baseline, serum zTNF4 was
measured in famale NZBWF! animals before onset of disease (10
weeks of age) and then measured during disease progression
(Fig. 2a). An average threefold increase in serum zTNF4 was
detected in 20% of the animals at 14 weeks of age, and reached
sixfold over baseling in 100% of the animals by 24 weeks of age.
ZI'NF4 levels were highest {ninefold over baseline} in animals with
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Fliure 1 7TNF4 tanspenic animals develop 8 phenolype charrterstic of SLE. a, The
total aumber of B220° dpnphocytes was detecined by fluorescence-activated el
sarting (FACS) in il suspensions prepared from spisen and resenternc iymph nodes.
£ach bar represents datn from individuat control mize (open bars), 13-week-old ZTNF4
trarusgenic {(fTNF4-TG) founder animals [shaded bars) ard ¥1-week-old tansgent
offying hatzhed bars). b, Cells were isolated from ymph nedz fon), gleen {nisds),
and thymes (botiom) from YINFA-TG or canirol mice ard analysed by FACS with the
infiated antiboces, Data are representative of 17 individue 2TNF4-TG funders, 3
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offspring and 6 control mice aralysad. &, kM, g6 and IgE and anti-dsDNA Gires were
assayed by ELISA in 23 serum samples froen 14 2TNF4-76 founder animaks ranging rom
Eip Z3weeks of age, and from 12 age-matched terate control animals (Co). d, Kidney
sections from 15-week-old control {top) or ZTNF4-T6 (hottom) were stined with
hasmatmyfn and eosin, Ayloid deposition and thickensd mesangium of the glomens
{G) were dentifier]. A sepresentative of 4 Z¥NF4-TG funders and of 12 control mice &S
shown,
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markedly increased titres of anti-dsDNA antibodies and elevaied
proteinuria {= 2,000 mgdi™). In contrast, serum 2TNF4 was not
clevated in the healthy NZB/B parental strain, even at 30 weeks of
age. MRL-lpr/lpr mice are a more severe model of SLE than the
NZBWFT strain, and rapidly develop autoimmunity and profound
lymphoproliferative disease’, Serum zTNF4 was increased in
discased MRL-{pr/lpr mice compared with the amount detected in
healthy I1-week-o0ld MRL/Mp] mics (Fig. 2b). However, the relative
increase in ZTNF4 was similar in both NZBWF1 and MRL-lpr/ipr
straing when comparing healthy controls with diseased animals.
The receptor for tTNF4 appears 1o be expressed predominantly
on B celisand on activated T celis®. Biotinylated xTNF4 was found 1o
bind to almost all mature CD19* peripheral B cells, weakly to
immature B cells in the bone marrow, and to most transformed
B-cell lines, including RPMI 1788, Raji and Rames {data not
shown). A cDNA expression library, prepared from RPMI 1788
messenger RNA, was transfzcied into COS7 cells and receptor-
posttive cells were identified with labelled xTNF4. Two orphan TNE
reccptor Bamily members, TACI® and BCMA™, were solated. TACE
is expressed on B cells and signals through CAML, sctivating the
transcription factors NF-AT, AP-1 and MExB®, BCMA is a B-cell
raaruration antigen that is theught to be an intracellular protein™®,
Alignment of TACI and BCMA sequences reveals significant homol-
ogy between the two receptors within the prototypic cystaine-rich
domains® (Fig. 32}, but not with other members of the TNE recepior
family. zTNF4 binding to other TNF receptor family members was
tested using surface-enhanced laser desorption and iopization
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Figuere 2 Amourst of 7INF4 protetn s inceased in serum fom discased NZBWF! mia
and MAL-{orpr mice, a, Autvantiody titres, proteimmia and 1TNF4 levels were measured
in BB NZBWF1 mice ranging from 10 to 40 weeles ald fopen circles), and ten 30-week-oid
HIB/B cartrol mice fflled squares), Pescentages of animals with ant-dsONA antibody bire
=1:100 fbop paned ang protzirra = 100mg 0 {middle panel) are shown feach cinte
angd square represents an average of five o ten mine), Amovrd of ZTNF4 protEin was
measured in & caphure assay and i presented &5 relative 2THF units for each: individuzd
HZBWT T mouse {open cirdess and comirol NZB/E mowse {ppen squmres), b, Protelnuria
{upper pznel) and amount of ZTNFS flower pansl} were measered in serum froen 23
MRL-fne/lpr mice &1 ages 16, 18 and 19 weeks and forn 30 MALMpJ control mice 21
11 weeks Apprmimatz amounts of ZINFA protein in NZRWES {012 ngmi™) ang
MRL- i 110 g mi™) serums were determined using a hurman 2THFA standard.
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{SELDI) technology. ZTNF4 failed 1o bind 11 out of the 19 known
human TNF receptor farnily members insluding CD49, P53 TNFR,
P75 TNFRII, Fas, TRAIL R1, R2, R3, R4, OPG and HVEM (data not
shown).

Spedific binding experiments of *®l.labelled 2TNF4 were per-
formed on baby hamster kidney (BHK) transfectants expressing
either TACI or BCMA. Scatchard plot analysis revealed that TACH
and BCMA bound Iabelled ligand with similar dissociation con-
stants (Ky): 1.25 i for TACL and 1.11 nM for BCMA {Fig. 3b). This
result indicates that BCMA can be expressed on the cell surface
under these transfection canditions. Soluble versions of TACI and
BCMA were made by fusing their extracellular domains to the Fr
portion of human IgG1 (TACI-Ig and BCMA-Ig). These fusion
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Fuon 3 TAC) and BCMA zre members of tha TNF recepitor superfarmly that bind 7784
and £an block 7TNFA activity 2 vitrm, @, TAG! and BOMA. The cystelne-rich repeats feys,
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amino-zcitl ety & ndicated, b, Bining curves and Seatchar pis analysis of

12, fabeted 7TNFA binciing 1o TACE and BCMA were performed using stzhie BHK
Yranstectants expressing each receptor, £, Human perigheral dinod B cells werk oultured
with 2THF4 (25 g ™), 1L-4 (10ngmr™) and plate-bovad ant-gM &5 pgm, and
treated with increasing amourts of TACH-ig, BOMA~Ig or control Fe., Calls wers cultured
for five days and then assayed for celi profiteration by H-thymittine ncorporation,
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proteins prevented zTNF4 binding to human B cells (data not
shown} and completely inhibited 2TNF4 stimulatory activity on
human B cells in vitro (Fig 3¢) and on murine B cells {data not
shown).

To detenmine the effects of TACI~Ig on the progression of SLE,
we treated 21-week-old female NZBWFI mice (15 mice per group)
theee times 3 week for frve weeks, with PBS alone, or with 100 pgor
20 g doses of TACI-Ig or Fc control protein. Treatment with
human TACE-Ig (100 g dose group) delayed the Fequency of
proteinnriz as defined by a marked reduction in the Fraction of
animals with proteinuria 2 100 mgdi™ for up to 10 weeks afier the
fast treatment (P<0.81 by x’-test) (Fip. 4a). There was also a
noticeabls but less prominent effect of TACI-Ig at 20pug per dose
on the devlopment of proteinuria. TACI-1g treatment (100 pg per
dose) increased the survival of animals, with 100% surviving at 38
weeks of age (12 weeks after the jast treatmant) compared with 47%
survival in the equivalent Fe treatment group (Fig. 4b). Examina-
tion of anti-dsDNA titres revealed no significant difference in
autoantibody levels betwesn the different groups (data not
shown}. Although elevared serum levels of antibodies to nuclear
constituents is a hallmark of SLE®™, there is clear evidence that
supports the role of B cells in disease progression in the absence of
secreted immunoglobulins', Allernatively, a longer course of treat-
ment with murine TACI-ig may be needed 10 Suppress antoanti-
bedy titres.

Several mechanisis could contribute to the suppression of
disease in the TACI-Ig treated enimals. To idenmtify potential
alterations in the lymphoid compartment of the TACI-[g treated
SLE mice, we determined the percentage of peripheral blood B cells
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Fgure 4 TACH-ly inhibits the progression of proteinuria and increases the suvival of
NZBWF1 mice. , Fersale NZBWFY mice {15 mice per grmp) at 2t weeks of age were
injected intraperiionzally fhree bmes a week for five weeks with PRS {fied ciedes), controf
Fe proteitn af 100 ;g per dose (fited squares) or 20 g0 per dose {open squares), or TACI~
931100 g per dose (e triangles) or 204G per dose {open tiangles), Proteinuriz was
255es5eg overy 2 weeks end the mice were fled at 28, 31 and 37 weeks of age (anows)in
deteerning the parcentage of peripheral Blocd B t2ls. The percertage of mice tn each
group with proteinria 2 100 mgdl & shown. b, The percentags of mice suniving in
#ach treatment froup is plotted as 2 hietion of thekr age. e, The peremtages of visble
B2207CO5 B cells in the peripheral binod ol ice it each group were detzrmined by flow
cytometry 3t the me points indrated: standard deviations for each group e shown,
Staftically significant differences ([Student’s Hest A<0.015 betwesn TACH-ig beatrment
and dose-matched Fo control groups are identified (asterisd.
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{CD5", B220%), T cells (CD5*, B2207) and monocytes (CD11b*,
B2207) by fow cytometry at 28, 31 and 37 weeks of ags (Fip. 4¢).
There was a significant decrease {P<0.01 by Student’s t-151) i the
percentage of peripheral blood B celis at 28 weeks of age in animals
treated with 100 pg per dose TACI-1g (decrease of 53%) and 20 e
per dose TACI-1g {decrease of 3296) compared with peresntages of
B cells in dose-maiched Fc controls. This reduction in B cells
persisted five weeks after the last treatment (31 wesks of age) in
the high dose TACI-Ig treatment group and returned to levels
found in the contro! groups at 37 weeks of age, These results indieate
a rale for zTNFY in maintaining peripharal B-cell populatiens that
have z pathopenic cffect on the development of renal disease.

B cells play a significant role in the development of autoimmu-
nity, through B-call activation, production of pathogenic antibodies
and co-stimulation of autoresctive T cells. TNF4 is 2 potent
molecule, eapable of stimulsting B cells and driving B-cell differ-
entiation to a pathogenic state, Understanding the regulation of
2TNF4 expression and the biclogy of its receptors, TAC] and BCMA,
will be important for understanding B-cell development in the
normal animal and during disease states. ]

Methods

Recombinant protzins

Te produce saluble rTNF4, a DNA fragment contaning the soquenees for the yeast alpha
£actor pre-pro feader, & Flag epitope, and the extracellalar domain {rotidue 148 -285) of
fTNH was donad d fthe AUGE inte o modified forrn of the Pichia
miethansliom exprestion vector pCZR134 {rel 18), Protein was purified fram yeast
fermnents an an an-Fag affinity column, DNA encoding the exmaeellular domais: of
herman TACT {rexidue 1154, ref, 6) or BOMA {residus |48, el 7) was fused 1o the Fe
regica of human Ig heavy chain 41 by PCR and doned into 3 manwalizn expresson
vestor ering the CMV p T and the TPA pre-propeptide sog Proteins were
putified by Pratein A dhy graphy from sup sftransfected CHO DG44 pells
adaptzd it protein-Free media (Life Technalogy Inc.).

el culiure

STNF4 simulations were performed using human B eells purified fom donor peripheral
blood mononndear ceffs by depletion of CTMI” cells using anti-CD43 magnesic beds
(Mittenyi}. Cells {1 x 10"} were cultured in RPMI 1540 medivm, 10% $C5 and 1o
glusamine in mund boriam 96-well plates (Coming) with $TNF4, anti-IgM (Southerm
Bictechnology) and Il {Pharmingen) as described in the figure fegends. Ramos, Rajiand
REMI {788 were putchased from ATCC

Transpenle mice

Microirjections werr performed by standard methodology on BSC3F2 Fertilized ava with
a construct connining the IgVy promoter and 1g B enbancer spliced upsoeam of the
5V40 165 intron followed by the ¥TNF4 open reading frame 2nd 2 human growth

b palyadenylition signal seq M3 Transgenic animals were backerossed to
CS7BLE mice {JAX). Transgene expression was mezsared in rpleen and thymus RNA
sunples propared waing RNeasy mini-kil {{fiagen), Sumples of soml BNA (25 g} were
analysed in dupticate by quantitative RT-PCR wring oligosuclectides xgainst the human
growth hormone ¥ uniransdated region. A Gene A 5700 tequence dutector {Perkin.
Elmez) was wsed 1o quantitatz the PCR reactions companed with & standard curve
containiing hGH RNA. Singlecell suspersions from genic ysnphoid s were
prepaned and anafyied on a FACSCalibur flow cytomener {Becion Diskincon) using

i af the approp FITC-, PE- sad/or TriColour {TConjugated
Tbadics (Pharmingen).

3
4ok

Animaj studies

Female NZBWF] mice were purchased frem JAX. The animals were meniiored for
doveloprent of prosiniuria every two weeks and revom was callected monthly 1o menurs
anti-&DNA antibody titree. Morbidity was chesked three times a week and dafly afier
protaouris leveds reached 2,000 mpdl™.

Antibody FLISAS and proteinura

Murine seum immunoglobulitg were quanthated by standsrd ELISA techriquss using
capture antibodies goat antd-lgG {Kirkegaard and Pesry), goar ant-IgM {Zymed) or goat
anti-IgE [Fharmingen). Capiured mouwse Ig was deteered using honscradish perozidase
{HRP}labelled goat and-1gG, 20t-1gM {Jackson} and and-IgE {Fhansingen), Anti-
dsDNA antibodiss were mexsured™ using plazes coated with poly(4AST) (Sigma} detecied
with HRP-labdled goar 2nti-maouse IgG Fe {Capped). The prosencx of proteins in mouse
nrine was mesured ming Urimiz (Ames).
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TTNA deteetion

TTNF4 was deterted i 3 solution-phate capture sty developed for the Origen |5
anafyser (1GEN Inc.). Biiefly, | ug ml™ of a rabbit anti-:TNF4 polydonal antibody thir
was affinity purified and bistinylated was incubzted Fat two hours a1 20°C, with undilue
mouse xerum sazples o # STNF4 standard curve diloted into normal mouse serum, and
¥ g ml™ of a suthenylated conjugate of the antibody, Streptavidin libelled berds wese
added at 4 final conomirstion of 0.1 mg mI™and ineubated far 30 min &1 room
iemperature. The simples were analysed on the Origen 1.5 analyser and repaned 33
clectro-themiluminesseener (ECL) unire.

ZTNFS recemior dankng

¢BNA was prepard from REMI $788 cells [ATCC) and doned into an cxpression vecior
(pPT). This library often million cONAs was tamufected imo COS7 celly. Afier 74 hy the
eells wese fived™ and probed with *TNPa-biotin, followe by a streptavidin-HRP
conjugate, 2nd then incubated with an HRPhyramide substrate to identify reecprar-
positive cells. Individual pesitive cells were reoovered by micro-divsection. Plasmid DNA
veas rscued from detergent catracts and used 1o tmnsform Eschorictia cofi Individual
phasmids were tested by re-transfeting COS7 eefls end probing with the zTNF4 probe.

Binding assays

Human tTNFAs protein was iodinated with ™7-Na { Amerham) using fodo-beads
(Picrce) and purified on a Sephadex G25 PD-10 column {Pharmacia), BHK transfectann
expeessing either TACT or BOMA {2 x 10° cells}) were incubzied for twn bouss 431 4°C with
dilusions of “™}-abeffed TNFAs {specific activity 5.7 x 10° ¥pm per picomele) in the
prevence or absencr of 20-fold excess unlabelled rTNFLs, wathed and measured in 2
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Transmembrane phosphoprotein Chp
regulates the activities
of Src-family tyrosine kinases
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The Src family of protein tyrosine kinases (Sre-PTKs) is impor-
tant in the regulation of growth and differentiation of eukaryotic
cells. The activity of Src-PTKs in cells of different types is
negutively controlled by Cek, which spacifically phosphorylates
s conserved regulatory tyrosine residue at the carboxy-terminal
tail of the Sre-PTKs'", Csk is mainly cytoplasmic and Sre-PTKs
are predominantly membrane-associnted. This raises a question
about the mechanism of interaction between these enzymes. Here
we present Chp.s transmembrane phosphoprotein that is ubi-
quitously expresszd and binds specifically to the SH2 domain of
Csk. Chp is involved in the membrape localization of Csk and in
the Csk-mediated inhibition of c-Src. In the plasmta membrane
Cbp is exclusively localized in the GM1 ganglinside-enriched
detergent-insoluble membrane domnin, which s impartant in
receptor-mediated signalling*™, These findings reveal Cbp asa
new component of the regulatory mechanism controlling the
activity of membrane-associated $rc-PTKs.

The ability of Csk to relocate from the cytosol 1o the plasma
membrane” and the involvement of the SH2 andfor SH3 domains of
Csk in inhibiting of Sre-PTs'™" indicute the existence of a plasma-
membrane-associated, Csk-binding molecule that mediates the
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figure 1 €k association with the DIM-localized phosphoprotsit, a, Association of Csk
with A4 BOK-50K plosphoprateln In rat brain isate, The ysate was incunated with anti-
Cﬁtvﬁhu{ﬁﬁmﬂmmﬁkﬂﬁ(ﬂéﬂmﬂt&p&pﬁﬂ{p@.}.m
immuncprecipiates (IPy were analysed y immuncbitiing () with amti-pY or anti-Csk
{oottonm). b, Predaminant kecalizziion of Cop in the DM fraction. The Tripn X-100
cortaining brain lysates were factionated™, Aliquats of the fracifons were resolved by
SDS-PAGEandamiﬁedb{hnmundﬂnﬁnghitn anti-pY, anti-Gek, ant-Fyn and the B-
subunit of ehpler s (CTX).
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